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We have found that the adsorption of octadecyltrichlorosilane �OTS� monolayers on
nanometer-sized silica particles yields a broad blue photoluminescence �PL� with a time scale of
nanoseconds. The observed PL intensity increases after curing at temperatures from �100 to
�300 °C, suggesting that condensations between adjacent OTS molecules on the silica surface are
related to the PL. The PL decay curve of the cured samples remains unchanged from 77 to 450 K,
whereas the time-integrated PL intensity shows a monotonous decrease with increasing temperature.
From these experimental results, a model of radiative and nonradiative process associated with the

PL is presented. © 2005 American Institute of Physics. �DOI: 10.1063/1.2149290�
Blue photoluminescence �PL�, which is characterized by
single-exponential1 or multi-exponential decay2 on the order
of nanoseconds, has been reported from a variety of porous
silicon such as aged, chemically oxidized and thermally oxi-
dized samples.3 Although there still exists an argument that
the blue PL is explained by a quantum confined mechanism,4

the weight of evidence is in favor of a defect-related
model.3,5 Some researchers suggest that C-related defects are
responsible for the blue PL characteristics.2,6 Others alterna-
tively claim that the presence of OH groups adsorbed on the
surface of porous silicon are associated with this type of
output.7 Although the physical origin of the blue PL band in
porous Si has not been unambiguously clarified yet, it is
quite likely that C- and/or OH-related surface defects play a
crucial role, either directly or indirectly, in exhibiting the
blue PL band.

It is hence reasonable to assume that the blue PL emis-
sion can be obtained when C- and/or OH-based species are
intentionally introduced into the oxidized Si species or
SiO2-based materials. Under this concept, various organic/
inorganic hybrid SiO2 xerogels showing the blue-green PL
emission were previously synthesized by sol-gel method.8–11

The obtained PL characteristics are quite analogous to those
of oxidized porous silicon, suggesting that both the PL emis-
sions result from a similar origin. These organic/inorganic
sol-gel materials are certainly interesting especially in terms
of low-cost manufacturing; however, the expected instability
owing to their porous nature may become a major problem
for general device use.

To circumvent the problem of the sol-gel derived xero-
gels, we use here a silanization reaction of silica surface with
octadecyltrichlorosilane �CH3�CH2�17–SiCl3, OTS�. OTS has
been extensively used as a silanizing reagent for forming
self-assembled monolayers �SAMs� on silica-based substrate
or metals with oxide coatings, showing high stability and
resistance to mechanical, thermal, and environmental
attacks.12,13 The driving force for the spontaneous formation
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of stable OTS SAMs comes from the adsorption of the head
group of OTS molecules with the surface and hydrophobic
intermolecular inteactions of the alkyl chains. It is also inter-
esting to note that the spontaneous adsorption of OTS mol-
ecules on the silica substrates is irreversible, leading to the
hydrolyzed OTS molecules that are strongly attached via hy-
drogen bonds to the OH groups on the silica surface and
neighboring OTS molecules.14 Thus, the OTS-modified silica
is highly stable under prolonged storage and is also expected
to show a blue PL emission as in the case of organic/
inorganic silica xerogels and oxidized porous silicon.

In this letter, we report PL characteristics of OTS SAMs
on nanometer-sized amorphous silica particles using the
steady-state and time-resolved PL spectroscopy. Emphasis is
given to the PL characteristics and its correlation with the
surface condensation reaction. We also carry out temperature
dependent PL measurements to give a detailed picture of the
observed PL phenomena.

Amorphous silica particles employed were a nonporous
fumed silica �Aerosil 380� obtained from Nippon Aerosil
Co., Ltd. It had a nominal surface area of 380±30 m2/g and
an average primary particle size of 7 nm �product specifica-
tion�. We have recently shown that the structural and optical
characteristics of fumed silica are interesting in their own
right,15,16 but we here use it as a silica substrate with a large
specific surface area. OTS SAMs were prepared according to
the literature method.17 Adsorption was initiated by the ad-
dition of 6 g of OTS to 100 ml of anhydrous pentane con-
taining 2 g of fumed silica. The reaction mixture was stirred
for 4 h at room temperature and transferred to centrifuge
tubes. The stoppered tubes were centrifuged and the solution
was decanted. The samples were washed with fresh anhy-
drous pentane to remove unreacted OTS. The resulting
samples were then dried at room temperature. All the above
procedures were carried out in a glovebox that was purged
with argon. For the subsequent curing step, the powdered
samples were compacted at 530 MPa into a disk-shaped pel-
let of 19.3 mm in diameter and averaging 0.9 mm in thick-
ness. The curing was performed in N2 atmosphere in the

temperature range from 150 to 600 °C for 2 h.
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Steady-state PL spectra were measured at room tempera-
ture with a spectrofluorometer �Photon Technology Interna-
tional, QM-2000-3� using a pulsed xenon source for excita-
tion. Time-resolved PL measurements were also performed
using a synchroscan streak camera �Hamamatsu, C4334� and
the second harmonic �350 nm� pulse of a mode-locked
Ti:sapphire laser �Spectra-Physics, Tsunami� with a repeti-
tion rate of 1 MHz, an average power of 0.3 mW and typical
pulse lengths of �180 fs. The sample temperature was var-
ied between 77 and 450 K in a closed-cycle N2 cryostat.

Figure 1 shows the steady-state PL spectra of as-
prepared and cured samples under 350 nm excitation. The
measurements were carried out at room temperature. Al-
though the as-prepared sample only shows a weak PL re-
sponse below �500 nm, the blue PL band peaking at
�420 nm is clearly evident for the cured samples. The in-
tensity of the blue PL band tends to increase with increasing
temperature up to 300 °C, whereas the PL is almost
quenched after curing treatment at temperature of 600 °C.
The PL emission from the cured samples is quite stable and
shows no aging effects after exposure to the ambient envi-
ronment for more than six months. These spectral features
along with the temperature dependence are rather different
from those reported previously for fumed silica itself,18 indi-
cating that the observed PL does not result from possible PL
centers derived from the original fumed silica surface.

Figure 2 illustrates the time decay of the PL of the

FIG. 1. Steady-state PL spectra of OTS SAMs on fumed silica before and
after curing at the respective temperatures indicated. The excitation wave-
length is 350 nm. The measurements were performed at room temperature.

FIG. 2. PL decay curves for OTS SAMs on fumed silica after curing at
200 °C measured at �a� 77 and �b� 450 K. The excitation source is the
second harmonic �350 nm� of the pulsed Ti:sapphire laser. The time reso-
lution of the system is �200 ps. The experimental data are fitted with a
double exponential function with time constants �1 and �2 and shown as a

solid line.
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sample cured at 200 °C. The PL decay is obtained at the peak
of the emission. We see from Fig. 2�a� that the decay is
nonexponential and can be tentatively fitted by a double ex-
ponential function, yielding time constants of �4 and
�18 ns at 77 K. The decay curve varies little with the detec-
tion wavelength throughout the blue band. It should also be
worth mentioning that there is no significant variation in de-
cay time within experimental error in the temperature range
employed �77–450 K� �see, for example, Fig. 2�b��. On the
other hand, the time-integrated PL intensity shows a monoto-
nous decrease with increasing temperature as shown in
Fig. 3.

On the basis of the above experimental results, we dis-
cuss the PL mechanism of the present samples. According to
previous studies on OTS SAMs, curing at temperatures from
120 to 200 °C has the effect of promoting the condensation
between adjacent adsorbed OTS molecules rather than the
condensation between the surface silanols and adsorbed
alkylsilanols.14 The curing treatment hence induces the
cross-linking reaction via intermolecular Si–O–Si linkage to
form well-ordered SAMs. It has also been demonstrated that
such a cross-linked Si–O–Si bond between adjacent adsorbed
OTS molecules is highly strained because of the geometry
constraints imposed by the well-ordered SAMs.14 These
highly strained Si–O–Si bonds created during curing can be
viewed as defective oxide structures. We hence suggest that
the present PL output results from these surface defective
oxide bonds. However, curing at temperatures more than
�500 °C will partly decompose the alkyl groups of OTS,
leading to the relaxation of the strained Si–O–Si and the
concomitant quenching of the blue PL emission as shown in
Fig. 2. These results allow us to conclude that as far as the
present OTS SAMs are concerned, the carbon-related struc-
tures are not necessarily needed to exhibit the blue PL but
may have the effect of stabilizing the surface defective PL
centers.

We shall next concentrate our interest on the PL decay
dynamics shown in Fig. 2. As mentioned earlier, the present
samples do not show any significant change in decay time
with temperature. Such a temperature-independent decay is
observed in the blue PL from porous silicon as well.1 We
should note, however, that the integrated PL intensity is
highly dependent on temperature as shown in Fig. 3, suggest-
ing that a temperature dependent nonradiative pathway is
certainly involved in the entire excitation and recombination

FIG. 3. Temperature dependence of the integrated PL intensity for OTS
SAMs on fumed silica cured at 200 °C. The dashed and solid lines are
least-square fits with Eqs. �1� and �2�, respectively.
processes.
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It is interesting to note that such PL characteristics,
namely, the temperature-independent lifetime and the
temperature-dependent intensity, have also been reported for
a defect-related emission in Si-doped GaAs.19 The observed
phenomena have been interpreted in terms of the localized
state emission;19 the schematic configuration coordinate dia-
gram proposed to account for the observations is shown in
Fig. 4. The electrons in the defect ground state are excited to
the defect excited state by absorbing incident photons �pro-
cess A in Fig. 4�. Some of the excited electrons will be ther-
mally promoted to the continuum conduction band �process
B in Fig. 4� and will eventually lose their excess energy as
nonradiative recombination. The rest of the excited electrons
will be able to relax to the bottom of the defect excited state
�process C in Fig. 4�. Provided that the bottom of the defect
excited state is located well below the conduction states, the
electrons in the bottom of the defect excited state will not be
thermally activated into the conduction states but will solely
lead to the radiative emission �process D in Fig. 4�. Conse-
quently, the radiative process D does not compete with any
of the existing nonradiative processes. The overall scheme
shown in Fig. 4 can thus account for the deceasing PL inten-
sity with increasing temperature without any change in the
decay time and is, therefore, expected to be applied to the
present defect-related PL emission as well. As already men-
tioned, the defect states relevant to the present emission pro-
cess will be highly strained Si–O–Si bonds created during
condensation of adjacent OTS molecules.

According to the above energy state model, the tempera-
ture dependence of the PL intensity can be simply repre-
sented as follows:20

IPL � �R
−1/��R

−1 + �NR
−1 � = �1 + A exp�− �E/kT��−1, �1�

where �NR and �R are the lifetime of the nonradiative �pro-
cess B� and radiative �process D� recombinations, respec-
tively, A is a temperature-independent prefactor, and �E is
the activation energy of the nonradiative process. From the
least-square fit of Eq. �1� to the measured data, the value of
�E is estimated to be 0.062±0.005 meV, which corresponds
to the energy separation between the upper level of the defect
excited state and the bottom of the conduction band accord-
ing to the scheme shown in Fig. 4. We have to admit, how-
ever, that the fitting of the data with Eq. �1� �see the dashed
line in Fig. 3� is not perfect over the entire temperature range
examined, suggesting a distribution of �E. When there exists

FIG. 4. Schematic configuration coordinate diagram for the defect-related
ground and excited states accounting for the temperature-independent PL
lifetime and the temperature-dependent PL intensity �adapted after Ref. 19�.
a distribution of activation energies for nonradiative recom-
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bination, another equation has been proposed to represent the
temperature dependence of the PL intensity, namely,21

I�t� � �1 + A exp�T/T0��−1, �2�

where T0 is a characteristic temperature that is inversely cor-
related to the slope of the density-of-states distribution, g���,
below the conduction band edge. We see from Fig. 4 that Eq.
�2� can fit the data much better than Eq. �1�; the fitted value
of T0 is 139 K. A rather high value of T0 implies a gentle
slope of g��� and hence a wide distribution of �E as
expected.

In summary, we present the stable blue PL emission
from OTS SAMs. The PL intensity has been found to in-
crease with increasing curing temperature up to �300 °C,
implying that the cross-linking reaction of OTS molecules is
related to the PL. We propose that the highly strained defec-
tive siloxane bonds that are formed during cross-linking are
responsible for the blue PL emission. Furthermore, our PL
data are interpreted in terms of the defect-level recombina-
tion model, giving a semiquantitative picture of the energy
levels involved in the emission. We should note, however,
that the observed PL decay curve cannot be represented by a
pure exponential function, suggesting the actual PL pro-
cesses are not simple as shown in Fig. 4 but may result from
a feeding of the radiative transition from some reservoir or
trap states. More works are now in progress to get the com-
plete energy level structure associated with the PL.
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